The long Swift gamma-ray burst GRB 120326A at redshift z = 1.798 exhibited a multi-band light curve with a striking feature: a latetime, long-lasting achromatic rebrightening, rarely seen in such events. Peaking in optical and X-ray bands ∼ 35 ks (∼ 12.5 ks in the GRB rest frame) after the 70-s GRB prompt burst, the feature brightens nearly two orders of magnitude above the underlying optical power-law decay. Modelling the multiwavelength light curves, we investigate possible causes of the rebrightening in the context of the standard fireball model. We exclude a range of scenarios for the origin of this feature: reverse-shock flash, late-time forward shock peak due to the passage of the maximal synchrotron frequency through the optical band, late central engine optical/X-ray flares, interaction between the expanding blast wave and a density enhancement in the circumburst medium and gravitational microlensing. Instead we conclude that the achromatic rebrightening may be caused by a refreshed forward shock or a geometrical effect. In addition, we identify an additional component after the end of the prompt emission, that shapes the observed X-ray and optical light curves differently, ruling out a single overall emission component to explain the observed early time emission.
Introduction
Gamma-Ray Bursts (GRBs) are brief and intense pulses of γ-rays (prompt emission) followed by long-lasting afterglow emission that can span the entire electromagnetic spectrum from Xrays to radio bands. Since the advent of the Swift satellite (14) Xray afterglows have been unarguably the most densely sampled for the majority of GRBs, from very early times until days/weeks after the burst event. This led, in the context of the standard fireball model, to the definition of a canonical light curve in the X-ray band (58) comprising: 1) an initial steep decay (possibly reminiscent of the high-latitude prompt emission) lasting until ∼ 10 2 s; 2) a possible shallow (or rising) phase (defined "plateau" at large) between ∼ 10 2 − 10 4 s that might be due to prolonged central engine activity, energy injection into the forward shock or variation of microphysical parameters; 3) a normal phase up to ∼ 10 5 s showing the decaying afterglow emission of the forward shock interacting with the external medium; 4) a late phase with a steeper decay, not always seen, consistent with a jet break. In up to 50% of GRBs, flare activity due to internal shocks is seen superimposed on the first two phases (84; 4) .
At longer wavelengths, the behaviour of the light curves may not always follow that observed in the X-ray. If the same light curve features are present contemporaneously in different bands, the behaviour is described as achromatic and the radiation is interpreted as having been produced by a single emission mechanism or the achromatic behaviour is due to geometric effect, e.g. late-time steepening of the light curves hours to days after the GRB, due to a jet break.
In contrast, early time emission is often chromatic as the typical synchrotron frequencies pass through the observing bands. In addition, multiple emission components from different locations in the relativistic outflow may be temporally superimposed in the observed light curve. The key components of the early afterglow are expected to be emission from the external reverse and forward shocks (31) , with the possibility of additional flares or re-brightenings due to energy injection from long-lived central engine activity (49; 79) , or interaction between the advancing shock and inhomogenities in the circumburst medium (55) .
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In a small number of GRBs with optical emission observed contemporaneously with the prompt γ-ray emission, rapid variability (∆t/t 1) and steep rise/decay indices suggest an internal dissipation for the origin of the optical emission (53; 36) .
Overall, chromaticity is more often seen in gamma-ray burst afterglow light curves, with only a minority of bursts clearly showing similar behaviour in the X-ray and optical bands (59; 17; 50; 56; 25; 51) . In those bursts, with high quality data, the similarity between the X-ray and optical bands is striking (GRB100901A, (18) ; GRB 081028, (46)), while for others the evidence for achromaticity is only marginal (GRB 071010A, (7); GRB 091029, (11) ).
Here we present high quality, panchromatic observations from X-ray to radio bands of GRB 120326A, which exhibits an unusual and pronounced late-time achromatic bump occurring simultaneously in X-ray and optical bands between 10 3 − 10 5 s in the rest-frame of the burst. We test a wide range of different scenarios to explain the re-brightening: reverse-shock emission, the passage of the typical frequency, the onset of the afterglow, a refreshed shock, a late-time flare, a density enhancement of the ambient medium, a geometrical effect and gravitational microlensing. Throughout the paper we assume a standard cosmology with H 0 = 72 km s −1 Mpc −1 , Ω m = 0.27, and Ω Λ = 0.73. The respective temporal and spectral decay indices α and β are defined by f ν (t) ∝ t −α ν −β and unless stated otherwise, errors are statistical only.
Observations
On 2012 March 26 at 01:20:29 UT (= T 0 ), the Swift/BAT triggered on the long GRB 120326A (71) . The BAT light curve showed two well defined precursor peaks (each ∼ 30 s wide) followed by a main FRED (Fast Rise Exponential Decay) peak that returned to the background level after ∼ 20 s. The total duration of the burst was T 90 = 69 ± 8 s (1).
Swift/XRT promptly detected the afterglow emission in the X-ray with good precision within ∼ 1 min after the event, whereas Swift/UVOT was not able to detect any credible candidate in the optical bands during its first observations. The optical afterglow was detected few minutes later from the ground by small (TAROT; (32) ) and large (Liverpool Telescope; (24)) robotic telescopes, identifying a slowly decaying counterpart.
Spectroscopic observations performed with the 10.4m GTC telescope ∼ 2 hr after the event, showed several absorption features at a common redshift of z = 1.798 (74) . This event was also detected by Fermi-GBM and displayed an average γ-ray fluence of ∼ 3.5 × 10 −6 erg cm −2 in the 10-1000 keV band with a peak energy E peak = 46 ± 4 keV (6). The redshift of the burst (corresponding to a luminosity distance of ∼ 1.37 × 10 4 Mpc) resulted in an isotropic energy estimate of E γ,iso = (3.45±0.14)×10 52 erg in the rest-frame [1-10000] keV bandpass.
Optical and Near-infrared data
The optical afterglow reported by Klotz et al. (2012a) was observed by many telescopes in the subsequent couple of days. We acquired images in the optical bands (g ′ Ri ′ z ′ ), starting from ∼ 3.5 min after the burst, with the 2-m Liverpool robotic telescope (24) , the 0.6-m Cichocki robotic telescope at thě Crni Vrh Observatory (10), the 0.43-m T17 telescope (26) , the 0.32-m robotic telescope at the Bassano-Bresciano Observatory (61; 62; 63; 64; 65) , the MITSuME 1.05-m telescope at the Ishigakijima Observatory (40; 41) and the 0.51-m telescope at the Cima Rest Observatory (75) . Near-infrared data were acquired with the 1.3-m Pairitel telescope in the JHK s-bands (54) . A summary of our observations is given in Table 1 .
Radio, mm and sub-mm data
The afterglow of GRB 120326A was detected by the SubMillimeter Array (SMA; (76; 77) ) at the typical frequency of ν SMA = 219 GHz at a flux density of f SMA = 3.1 ± 0.5 mJy, by the Combined Array for Research in Millimeter-Wave Astronomy (CARMA; (60)) at ν CARMA = 92.5 GHz at a flux density of f CARMA = 3.2 ± 0.4 mJy and by the Expanded Very Large Array (EVLA; (43) ) at ν EVLA = 21.9 GHz at a flux density of f EVLA ∼ 1.36 mJy.
Results
We calibrated our optical images with respect to several field stars. In particular, we calibrated SDSS-r ′ images acquired with LT with respect to the R band in order to have a well sampled Rband light curve from early to late times. Then we converted the observed optical-NIR magnitudes (Table 1) 
Light curve
In Fig.1 (left panel) we report the optical and X-ray light curves of GRB 120326A. We fit the X-ray and best sampled optical band (R filter) independently, in the time interval [10-10 6 ] s, with the same number of components: a single power-law decay (PL) plus smoothly broken-power law (BPL, (3)) to reproduce the bump. All the other optical wavelengths agree very well with a rigid shift of the final fitting function for the R band. The results of the fit are reported in Table 2 . The peaks in the X-ray and optical bands peak at nearly the same time (∼ 0.4 d) suggesting an achromatic bump.
Despite having a different behaviour before the peak there is certainly an additional emission component enhancing the observed flux in the X-ray and in the optical bands. The early time power-law decay (α PL ) and the rising slopes (α BPL,rise ) are clearly inconsistent with a single emitting region for the two bands. The early-time X-ray light curve exhibits a steep decay (α ∼ 3.7) which may arise from the tail-end of the prompt emission, whereas the optical light curve exhibits a much shallower decay. On the contrary, the peak time (t peak ) of the bump in the light curve at t ∼ 4 × 10 4 s is consistent within errors for both the optical and X-ray bands (however, we note that the decay in the X-ray is slightly steeper than what is observed in the optical). However, optical observations performed at later times with respect to our last optical detection showed that the optical light curve might have undergone a further break to a steeper (consistent with the X-ray decay) value of α ∼ 2.5 ± 0.2, suggesting a possible jet collimation of few degrees (77).
Spectral energy distribution
We build the rest-frame spectral energy distribution of the optical afterglow at the post-break time t 
The nature of the late time achromatic peak
The light curve of GRB 120326A displays a smooth prolonged re-brightening at late times, both in the optical and X-ray bands ( Fig. 1, left panel) . The observed variability might be the result of different processes and can be associated with various forms of late-time energy injection (flare, delayed afterglow onset, refreshed shock emission), with density inhomogeneities in the circum-burst medium or due to some geometrical effect. We now discuss all the possible interpretations of the observed broad peak for GRB 120326A.
Reverse-shock emission
A bright (optical) peak could be produced by the reverse shock that propagates back into the shocked material. If present, this peak should happen and be visible in the observed light curve at very early times (t ≤ 10 3 s) and subsequently the light curve should display a steep temporal decay index (t −α RS with α RS ∼ 2.0; (35; 83) ). In the case of GRB 120326A, the rising light curve after ∼ 5 × 10 3 s, with α BPL,rise ∼ −1.5, is preceded by a relatively shallow phase (α PL ∼ 0.5). At this time the optical light curve has a decay that is too shallow to be associated with a reverse shock and it is probably related to a different component. Moreover no peak at very early times is detected and the only peak visible in the optical light curve happens at t peak = (3.6 ± 0.5) × 10 4 s ∼ 0.4 d post-burst, too late to be associated with the reverse-shock emission. We note that the postbump optical decay index (α BPL,decay ∼ 1.8) is marginally consistent with the expectation for a reverse shock. All things considered, this explanation is inconsistent with the observed optical light curve of GRB 120326A.
The passage of ν m
The observed peak could be the signature of the passage of the synchrotron maximal frequency (ν m ) across the optical band. If this is the case then the reverse shock is expected to decay as t −0.45 ((34)), while the forward shock will rise as t 1/2 and decay as t −1 . In principle this could better explain the initial part of the optical light curve and the temporal difference between the minimum flux reached after ∼ 10 3 s and the optical peak at ∼ 3 × 10 4 s. This scenario cannot however generate and explain achromatic and coincident peaks at different frequencies, as observed for GRB 120326A in the optical and in the X-ray bands (Fig. 1). 
Onset of the afterglow
The onset of the forward-shock emission has been observed for many bursts, sometimes at very early times (e.g. GRB 060418, (52)) and few times also at later times (e.g. GRB 080129, (21)). The multi-wavelength analysis of the very bright GRB 061007 (55; 68) showed that the onset of the forward shock can sometimes be inferred to take place at t 100 s after the burst event at the optical frequencies. This implies that the reverse shock must have peaked at a typical frequency that is factor ∼ Γ 2 0 lower with respect to the typical frequency of the optical band. For typical values of Γ 0 , if the forward shock peaks in the optical band than the reverse shock will peak at the radio frequencies (lowfrequency model, see (35) for more details).
As discussed for GRB 061007 (55) and subsequently for GRB 090313 (50) for all the GRBs that display the onset of the optical afterglow it is possible to apply the low-frequency model (35) to the observed optical data, making predictions for the expected light curves at the radio frequencies. Since for the case under study in this paper there are few positive detections in the radio-submm band (76; 60; 43; 72) we can therefore apply the Table 2 . Light curve fit results. We model the X-ray and optical light curve with a two component function: an initial power-law (PL) plus a late time broken power-law (BPL). Here we report the initial power-law decay (α PL ), the rising (α BPL,rise ), the break time (t break ), the peak time (t peak ) and the decaying index (α BPL,decay ) of the second component. The last column shows the goodness-of-fit (reduced χ 2 ) and the corresponding degrees of freedom.
Band
α PL α BPL,rise t break t peak α BPL,decay χ In Fig. 2 , we compare the confirmed radio detections with the predictions of the low-frequency model (grey region) in the correspondent radio frequencies. The parameters assumed for the model are: 0.1 ≤ ǫ e ≤ 0.5 and 2 ≤ p ≤ 3. All the other parameters of the model (Γ 0 , E iso , ǫ B , ...) have been calculated from the available data. The predictions, assuming the late peak as the onset of the forward shock, show that the afterglow is expected to peak in the radio band between 0.01 and 1 days after the burst event depending on the frequency, reaching a maximum flux of a few mJy. As seen in Fig. 2 , although this scenario does not fully describe the radio observations at high frequencies, the radio predictions for ν radio ∼ 15 GHz are only a factor of ∼ 3 brighter than the model predictions.
A possibility is that the real onset of the afterglow could in fact happen much earlier, without being clearly visible in the optical bands. In fact the observed shallow decay for t ≤ be the decline of a forward shock that peaked at t = t ′ ≤ 10 2 s. In that case the average Γ peak ∼ 187 and the prediction for the radio emission are even more far off the reported radio detection since the grey regions in Fig. 2 will be almost rigidly shifted to the left along the x-axis, as the radio light curve is expected to peak at much earlier times 1 . Again, this scenario is incompatible with the radio afterglow detections reported in literature for GRB 120326A. Fig. 2 . We predicted the light curve in the radio band in the context of the low-frequency model, assuming the late time peak as the possible onset of the forward shock emission. The expected radio light curve is displayed as a grey region that reflects also the uncertainties on the parameters assumed by the model.
Late-time optical/X-ray flare emission
Emission from flares has been detected for many GRBs, superimposed onto their canonical decays from very early times up to 10 5 s after the burst event (2) . The observed afterglow variability can be displayed and compared with the kinematically allowed regions in the plane (∆ f / f peak ) vs. (∆t/t peak ), describing the increase of the flux with respect the underlying continuum versus the temporal variability (29) .
As seen in Fig. 3 , all the X-ray flares (5; 2), with the exception of GRB 050724, can be explained in the context of the internal shocks model, where ∆t/t peak < 1, or single/multiple density fluctuations, if the flux ratio ∆ f / f peak is small. The same conclusions can be drawn in the UV/optical, with the exception of few more events (see Swenson et al. 2013 for details). However, for GRB 120326A, the observed broad variability at late time in the X-ray and optical bands has ∆t/t peak ≫ 1 and therefore cannot be the result of any flare activity. The achromatic bump of GRB 120326A light curve is more compatible with a possible refreshed shock episode. 1 The average value for Γ peak is calculated using Eq.1 from Molinari et al. (2007) with n = 1 cm −3 . If we assume a radiative efficiency η = 1 we derive the lower value for the late (early) time observed peak of Γ peak = 18 (≥ 169), while assuming η = 0.2 we obtain Γ peak = 22 (≥ 206). These estimates have been done in the assumption of a homogeneous circum-burst medium; if we assume a wind-like medium (ρ ∼ R −2 ) the Lorentz factors for the early and late optical peaks are Γ wind peak ∼ 41 and Γ wind peak ∼ 10, respectively. Fig. 3 . Kinematically allowed regions for afterglow variability in the ∆ f / f peak vs. ∆t/t peak plane. Solid lines with arrows represent the allowed regions for density fluctuations on-axis (blue), density fluctuations off-axis (red), multiple density fluctuations off-axis (green), refresh shocks (pink) and patchy shell (black), respectively (see (29; 8; 2) for details). In this plot we show early (t peak ≤ 10 3 s, grey circles; (5)) and late (t peak > 10 3 s, grey squares; (2)) time X-ray flares, together with UV/optical flares detected at 1σ confidence level (magenta circles; (73)). The X-ray and optical peaks observed for GRB 120326A are shown with a blue triangle and a red circle, respectively.
Refreshed shock
Another possibility to explain a late re-brightening in the light curve is to consider a forward shock that is refreshed by a late time energy supply (66; 38; 70) . At late times, shells emitted with lower/modest Lorentz factor (Γ ∼ 10 ÷ 20) catch up with faster shells (Γ ≥ 100 ) that have been already slowed down by the interaction with the external material, injecting energy into the afterglow shock and causing a significant re-brightening in the observed light curve. This scenario has been successfully invoked to explain, for example, the numerous bumps of the optical light curve of GRB 030329 (19) .
Under the simplified assumption of only two shells colliding, with Γ fast ≥ 10 2 and Γ slow = Γ 0 ∼ 10, it can be shown (see (15) ) that the two shells will collide at a time
slow,10 days (1) where E γ,iso,53 is the isotropic energy in units of 10 53 erg, n is the density of the external medium (assumed to be = 1 cm −3 for uniform medium) and Γ slow,10 is the Lorentz factor of the slow shell in units of ten. In the case under study E 53 ∼ 0.35, and in order to explain the bump happening at t = t shock ∼ 0.4 days the slow material adding energy into the forward shock should have a Γ slow,10 = Γ 0 /10 ∼ 2. In fact, as shown in Sec. 4.3, the average values of Γ peak estimated for the late broad peak of GRB 120326A is of the order of a few tens and therefore the refreshed-shock scenario could explain the observed behaviour.
A possible drawback for this interpretation is that 1) the peak that we see at late time is probably not the onset of the forward shock and therefore the estimate of Γ peak could not be done accurately and 2) the observed rising and decaying indices (α BPL,rise and α BPL,decay reported in Table 2 ) in the optical and X-ray bands seem to slightly differ while these values are expected to be consistent in the two bands. However, this can be explained by the different contributions of the early time emission observed in the two bands. As can be see in Fig. 1 , the X-ray emission for t < 10 3 s is very steep and its contribution to the second A&A proofs: manuscript no. AM_0326A_astroph component would be more relevant for the rising part of the Xray emission after ∼ 3 × 10 3 s, while it would be negligible at very late times. Instead, in the optical band the early emission is very flat and it will still contribute at later times, making the light curve in that band flatter. A marginal difference seems to be present when looking to the observed light curves at particular frequencies, probably due to the different time coverage (Fig.  1) . When considering the rest-frame X-ray and optical luminosities (Fig. 4) , however, the agreement between these two bands is straightforward. Despite these small differences the refreshedshock scenario cannot be excluded at high confidence level.
The energy injection scenario has also been analysed in details for the wind-like and homogeneous circumburst medium by Hou et al. (2014) . The authors found that a stellar wind circumburst environment could provide a reasonable fit of the observed X-ray and optical light curves of GRB 120326A (27).
Density Bump
An increase of the external medium density is sometimes invoked to explain the late time re-brightening in the optical light curve when a corresponding bump is not seen in the X-ray band (44; 9) . A sharp and large jump in a uniform density profile is however needed in order to produce an observable increase in the observed light curves. A sudden enhancement by factor a=10 (≥ 10
2 ) of the medium density will correspond to a variation of ∆α ≤ 0.4 (≈ 1.0) in the observed temporal slopes. Those variations in the temporal decay are relevant only for the radio frequencies. In the optical band, even a large density enhancement would generate small hard-to-detect variations (19; 78) . In general, if the observed bump in the optical light curve for GRB 120326A is produced by the external shock then any density variation is unlikely to produce the achromatic signature observed in Fig. 1 . Therefore, this interpretation seems unlikely.
Geometrical effect
For a jet with an opening angle θ jet of a few degrees, an observer located at an angle θ view > θ jet will see a bump in the light curve at relatively late times when, due to the jet deceleration, the bulk Lorentz factor of the jet is 1/Γ ∼ θ view − θ jet (i.e. (20; 23) ). First order calculations suggest that a jet with a typical opening angle of ∼ 3 degrees seen at 5 degrees off-axis could account for the peak. In this scenario, which requires further modelling of the optical and X-ray afterglow light curve, and whose detailed study is left for a future work, the peak should be achromatic as observed in GRB 120326A. However, a jet seen off axis cannot account for the relatively high energy of the prompt emission observed in this burst. Even a jet with typical parameters as those described above and an isotropic equivalent energy as large as 10 54 erg could not account for the observed isotropic energy observed since the de-beaming factor would be ∝ δ 2 . A possible solution is that a wider jet component or structure (e.g. jet tails) are present and these intercept the line-of-sight so as to account for both the prompt emission energy (and peak energy) and the emission observed in the optical before the bump.
Gravitational microlensing
In principle, achromatic fluctuations in GRB afterglow light curves, observed less than one day post-burst, could be the result of gravitational microlensing (45) . Such an effect would produce a magnification of the observed flux adding, for the X-ray and optical (R) band, a sharp peak on the declining part of the afterglow light curve. This explanation was successfully applied to GRB 000301C, a GRB at redshift z = 2.04 that displayed an achromatic bump 3.8 days after the burst. That bump corresponded to a flux (magnitude) magnification of ∼ 2 (∼ 1 mag) in its light curve (13) .
In the case under study we can estimate the lower limit of flux magnification factor at the peak time µ obs (t peak ) ∼ 23.5, as the ratio between the maximum of the light curve shown in Fig.  1 and the flux of the early power-law component extrapolated to t = t peak . The estimated factor correspond to a magnitude magnification of at least 3.4 mag in the afterglow light curve. Such a strong magnification factor, coupled with the broadness of the observed peak observed, makes this interpretation very unlikely for GRB 120326A.
Conclusions
Our multi-band analysis of GRB 120326A allows us to conclude that the striking feature observed in the late-time afterglow light curve, the broad achromatic re-brightening, cannot be ascribed to reverse-or forward-shock emission, nor to the passage of the synchrotron frequency through the optical band. The long duration and magnitude of the re-brightening also make the late flare, the gravitational microlensing and the density bump origin inconsistent with the observed data.
Although the light curves are not all fully sampled across all wavebands, we have established that: 1) in the optical/IR bands the available data are consistent with an achromatic behaviour, with all light curves described by the same fitting function rigidly shifted at different wavelengths; 2) the pre-bump (different) emission observed in the X-ray and optical bands is not simply explained with a single emission component and an additional contribution must be present that shapes differently the observed light curves, after the end of the prompt emission; and 3) the observed late-time behaviour could be explained either by a late-time refreshed forward shock (prolonged energy supply from the central engine) or by a geometrical effect (a two-component jet seen slightly off-axis). We cannot favour one of these two scenarios over the other. Further detailed study of the multi-wavelengths light curves for a larger sample of events is needed, coupled with good theoretical predictions to compare with well sampled observations.
